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(54) High data rate write process for non-volatile flash memories 



(57) A non-volatile semiconductor memory in- 
cludes: multiple write pipelines, each including a mem- 
ory array; a timing circuit which sequentially starts pro- 
gramming operations in the pipelines; and a shared 
charge pump and voltage regulation circuit that drives 
a current through the memory cells being programmed. 
Staggering the starts of programming operations reduc- 
es the current demand on the charge pump because 
spikes that occur at the starts of programming opera- 
tions, for example, when using channel hot electron in- 
jection, are distributed over time rather than occurring 
all at once. Noise, which can reduce the accuracy of 
write operations, is also reduced because the total cur- 
rent required from the charge pump is more nearly con- 



stant. As further aspect of the invention, each write pipe- 
line can perform a write operation as alternating pro- 
gramming cycles and verify cycles. During a program- 
ming cycle, the shared charge pump drives a current 
through a selected memory cell to change the threshold 
voltage of the selected memory cell. During a verify cy- 
cle, the write circuit determines whether the selected 
memory cell has reached its target threshold voltage 
level. The write pipelines can be partitioned into two 
banks where pipelines in one bank perform program- 
ming cycles while pipelines in the other bank perform 
verify cycles. More generally the write pipelines are par- 
titioned into multiple banks where each bank starts pro- 
gramming cycles at times that differ from the starts of 
programming cycles in the other banks. 
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Description 

CROSS REFERENCE TO RELATED APPLICATION 

1 0001 ) This patent document is related to correspond- 
j simultaneously filed European Application 
N j which also claims priority from US applica- 

iwi Sor No 09/103623, filed June 23 1998, a copy of 
*h*r« is herewith placed on the file of this European ap- 

BACKGROUND 
[ v^i or mo Invention 

|00O2| I his invention relates to write processes for 
rxr> vcmiao momories and particularly to methods of re- 
<xx : r q r>c current required when writing at a high data 

p.--* > yi«;»> u< Rotated Art 

(0003) l^mconductor non-volatile memories such as 
E PfOM EEPRCM and flash memories, which permit 
c*x: t *c. ii cr. i&ng and programming of memory cells, are 
woo known Sjch momories conventionally include ar- 
r ,fy\ momory colls where each memory cell includes 
a fkxtmq <>*to transistor. Write and erase circuits cou- 
pwi io *n nrray wnte to or erase a memory cell in the 
*rr*v t>y electrically charging or discharging the floating 
9^10 or the floating transistor in the memory cell to 
change tho threshold voltage of the transistor. In partic- 
ular !o wnto to a selected memory cell, the write circuit 
ctrtiQos tho floating gate of the floating gate transistor 
m tho selected memory cell until the threshold voltage 
ol tho transistor is at a level that represents the value 
being written 

(0004) Ono write method for a non-volatile memory 
coll uses channel hot electron injection. A typical chan- 
nel hot eloctron injection process applies a high voltage 
(about 1 2 volts) to the control gate of a floating gate tran- 
sistor npplios a high voltage (about 5 volts) to the drain 
ol tho floating gate transistor, and grounds the source 
ol the noatng gate transistor. The high drain-to-source 
voita:*) causes a relatively large current through the 
floating gate transistor. The high control gate voltage at- 
tracts onorgotc (or hot) electrons that can pass from the 
crwtnnul ihiough an insulating layer to the floating gate 
of thu Hunting gate transistor. As electrons accumulate 
in the floating gate, the threshold voltage of the floating 
grito transistor increases, the drain-to-source current 
tails and the rate of increase in the threshold voltage 
dropc 

[0005] Conventional integrated circuit non-volatile 
momory currently uses a supply voltage between about 
3 vo*s and about 5 volts. Accordingly, a non-volatile 
momory using channel hot electron injection for pro- 
gramming typically requires charge pumps to generate 



the high control gate voltage and the high drain voltage. 
The sizes of such charge pumps determine the number 
of memory cells that can be programmed in parallel. In 
particular, to program N cells in parallel a charge pump 

s must be able to supply N times the current drawn by a 
single memory cell. At the start of a programming oper- 
ation, the drain-to-source current through a memory cell 
being programmed is highest and places the greatest 
load on the charge pump supplying the drain voltage. 

10 Specifically, the charge pump supplies a maximum 
drain-to-source current Idsmax to each of N memory 
cells at the start of a parallel programming operation, 
and the charge pump must be able to supply a total cur- 
rent of N*ldsmax without an unacceptable drop in the 

*5 drain voltage. If the required programming current could 
be reduced, a smaller charge pump could be employed 
which can reduce the overall memory circuit size and 
cost. Additionally, power consumption could be re- 
duced, which is crucial for portable or battery operated 

20 applications. 

[0006] Another concern in a non-volatile memory that 
stores an analog value or multiple bits of information in 
each memory cell is the precision of the write operation. 
Best precision and repeatability require nearly constant 

2S supply and programming voltages during programming. 
However, as noted above for programming operations, 
current drain is high at the beginning of the programming 
operation and falls as a memory cell threshold voltage 
rises. Accordingly, the charge pumps and the supply 

30 voltage in the memory are subject to changing current 
demands which cause voltage fluctuations or noise that 
can affect the accuracy and repeatability of write oper- 
ations. Thus, methods of reducing current consumption, 
voltage fluctuations, and noise during programming are 

35 desired. 

SUMMARY 

[0007] In accordance with the invention, a non-volatile 
40 memory has multiple write pipelines that are sequential- 
ly started on programming operations and has a shared 
charge pump that supplies drain-to-source currents dur- 
ing the programming operations. With sequential starts, 
the programming operations are staggered, and the 
45 peak current for the multiple programming operations 
do not occur at the same time. Accordingly, sequential 
starling of programming operations in the write pipelines 
avoids the high combined peak current that occurs in 
memories that simultaneously start multiple program- 
so ming operations. The staggered operations of the write 
pipelines also provide a high data rate because all of the 
write pipelines can operate at the same time to provide 
the same data rate as a conventional memory that per- 
forms parallel programming operations. The smaller 
55 peak current allows the charge pump and associated 
voltage regulation circuitry to be smaller than similar cir- 
cuitry used in conventional memory that performs par- 
allel programming operations. Additionally, since spikes 
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in the current from the charge pump are relatively small, 
memories with sequential or staggered programming 
operations generate less noise in the supply voltage 
during programming, and permit accurate programming 
for applications such as analog or multiple-bits-per-cell 
storage. 

[0008] One embodiment of the invention is a non-vol- 
atile semiconductor memory that includes multiple write 
pipelines, a shared charge pump, and a timing circuit. 
Each of the write pipelines includes an array of non-vol- 
atile memory cells and a write circuit coupled to the as- 
sociated array. When started on a programming opera- 
tion for a selected memory cell in the associated array, 
a write circuit applies a programming voltage to the se- 
lected memory cell to drive a current through the select- 
ed memory cell, for example, to cause channel hot elec- 
tron injection which raises a threshold voltage in the se- 
lected memory cell. The charge pump generates the 
programming voltage from a supply voltage and sup- 
plies the programming voltage to all of the write pipe- 
lines for the programming operations. The timing circuit 
sequentially starts the programming operations by the 
write circuits. Accordingly, at most one write pipeline at 
a time requires the maximum programming current from 
the charge pump, and the charge pump and any asso- 
ciated voltage regulation circuitry can be smaller than 
that required in a memory that simultaneously starts 
multiple programming operations. The shared charge 
pump and sequential starting of programming opera- 
tions can be beneficially employed in a binary memory, 
a multiple-bits-per-cell memory, and an analog memory. 
[0009] Each write pipeline may additionally include 
selection circuitry that selects a voltage applied to the 
selected memory cell during programming. The selec- 
tion circuitry selects the programming voltage for chang- 
ing the threshold voltage of the selected memory cell 
during a series of programming cycles and selects a 
second voltage for testing the threshold voltage of the 
selected memory cell during a series of verify cycles. 
The programming operation in a pipeline ends when a 
verify cycle determines that the threshold voltage of the 
selected cell reaches its target level. The write pipelines 
can be divided into two banks, a bank of even numbered 
pipelines and a bank of odd numbered pipelines, such 
that when a programming operation in an even pipeline 
overlaps a programming operation in an odd pipeline, 
the even pipeline performs programming cycles and 
verify cycles when the odd pipeline respectively per- 
forms verify cycles and programming cycles. The inter- 
leaving programming and verify cycles in this fashion 
cuts the peak and average current requirement in half 
because at most one half of the write pipelines draw cur- 
rent from the charge pump at a time. Alternatively the 
pipelines can be partitioned into three or more banks 
where each bank starts programming cycles at a differ- 
ent time. 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] Fig. 1 is a block diagram of a non-volatile sem- 
iconductor memory in accordance with an embodiment 

s of the invention. 

[0011] Fig. 2 is a timing diagram for a recording oper- 
ation performed by the non-volatile memory of Fig. 1 . 
[0012] Fig. 3 is a plot of programming current versus 
time during a pipelined write operation using eight write 

10 pipelines. 

[0013] Fig. 4 is a plot of programming current versus 
time during a pipelined write operation using sixty-four 
write pipelines. 

[0014] Fig. 5 is a block diagram of an analog or mul- 
15 tiple-bits-per-cell non-volatile memory in accordance 
with an embodiment of the invention. 
[0015] Fig. 6 is a timing diagram for recording opera- 
tions performed by the memory of Fig. 5. 
[0016] Use of the same reference symbols in different 
20 figures indicates similar or identical items. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

25 [0017] A non-volatile floating-gate memory in accord- 
ance with an embodiment of the invention performs 
pipelined writes that stagger the starts of channel hot 
electron injection processes. The pipelined writes pro- 
vide a high data rate by programming multiple memory 

30 cells at a time. However, the programming operations 
do not start or end simultaneously and are at different 
stages of completion. In accordance with an aspect of 
the invention, a single charge pump supplies a high volt- 
age that drives drain-to-source currents for program- 

35 ming processes such as channel hot electron injection 
in multiple memory cells. Since the programming oper- 
ations have staggered starts, the maximum current that 
the charge pump must provide is less than the peak cur- 
rent for a single programming operation times the 

40 number of memory cells being simultaneously pro- 
grammed. Accordingly, at a fixed data rate, the charge 
pump required for the pipelined write scheme can be 
smaller than the charge pump required for a parallel 
write scheme that starts multiple programming opera- 

45 tions simultaneously. Further, staggering starts of pro- 
gramming operations smoothes the current drawn for 
the write operation and reduces noise that could disturb 
the accuracy of the write operation. These aspects of 
the invention can be beneficially applied in binary (i.e., 

50 one-bit-per-cell) memories, multiple-bits-per-cell mem- 
ories, and analog memories. 

[0018] Fig. 1 is a block diagram of anon-volatile mem- 
ory 100 in accordance with an embodiment of the inven- 
tion. Memory 100 includes multiple arrays 130-1 to 
55 130-N of Flash memory cells in respective write pipe- 
lines 110-1 to 11 0-N. Write pipelines 110-1 to110-Nand 
memory arrays 1 30-1 to 1 30-N are sometimes referred 
to herein as pipelines 110 and arrays 130. Although Fig. 



20 
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1 shows three pipelines 110, memory 100 can include 
any number N of pipelines. The number of pipelines pro- 
vided determines the number of programming opera- 
tions memory 100 conducts at a time and accordingly 
controls the maximum write frequency or data rate of 
memory 100. As described more fully below for a pipe- 
lined write or recording of data, a timing circuit 140 se- 
quentially starts pipelines 110 on programming opera- 
tions, and pipelines 110 operate individually to complete 
the programming operations. 
[0019] Each non-volatile memory array 1 30 can be a 
conventional non-volatile memory array. Such memory 
arrays are known for storing a binary, analog, or multi- 
bit digital value in each memory cell. Arrays 1 30 include 
rows and columns of memory cells, where each memory 
cell is, for example, a single floating gate transistor, a 
split gate transistor, or a multiple-transistor memory cell. 
In an exemplary embodiment of the invention, which is 
described below, memory 100 is a flash EEPROM, and 
each memory cell consists of a single N-channel floating 
gate transistor. Other memory architectures are also 
suitable. Control gates of the memory cells in a row of 
an array 1 30 are coupled to a row line associated with 
the row. Drains of the memory cells in a column of an 
array 130 are coupled to a column line associated with 
the column, and sources of the memory cells in a sector 
of an array 1 30 are coupled to a source line associated 
with the sector. In the exemplary embodiment, each sec- 
tor contains multiple columns of memory cells but alter- 
native memory architectures use different kinds of sec- 
tors, for example, sectors containing one or multiple 
rows of memory cells. 

[0020] Memory arrays 1 30 are separate in that a pro- 
gramming operation in one array 130 does not directly 
affect programming operations in other arrays 130. 
Each memory array 130 has a row decoder 132 and a 
column decoder 134. Each row decoder 132 receives a 
row address signal, selects a row line in the associated 
array 130, and during a programming operation, con- 
veys bias voltages to the selected row line and unse- 
lected row lines in the associated array 130. Each col- 
umn decoder 1 34 receives a column address signal, se- 
lects a column line in the associated array 1 30, and con- 
veys bias voltages to the selected column line and un- 
selected column lines in the associated array 1 30 during 
write operations. 

[0021] Memory 100 is capable of performing two 
types of write operations. The first type, referred to here- 
in as a pipelined write operation, sequentially starts pro- 
gramming operations in pipelines 110-1 to 110-N and 
ends when the programming in memory array 130-N is 
complete. The second type of write operation, referred 
to herein as a recording operation, cyclically starts pro- 
gramming operations in pipelines 110-1 to 110-N and 
continues until after a signal RESET is asserted to stop 
the recording. In general, the pipelined write operation 
stores a fixed amount of data in arrays 130, and a re- 
cording operation stores a continuous data stream of 
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variable length in memory arrays 130. 
[0022] Timing circuit 140 starts and controls pipelined 
write operations and recording operations in pipelines 
110. In the exemplary embodiment of the invention, tim- 
5 ing circuit 140 includes N flip-flops 144-1 to 144-N that 
are connected to operate as a shift register. Flip-flops 
144-1 to 144-N respectively correspond to read/write 
pipeline 110-1 to 110-N and start the corresponding 
pipelines 1 1 0 on programming operations at falling edg- 
io es of output signals SRI to SRN. 

[0023] Write circuits 120-1 to 120-N (some times re- 
ferred to herein as write circuits 120) control program- 
ming operations in respective pipelines 110-1 to 110-N. 
In particular, write circuits 120-1 to 120-N receive re- 
15 spective data values from respective data sources 
125-1 to 125-N, and as timing circuit 140 starts each 
write circuit 120, the write circuit generates program- 
ming signals VROW and VCOL that associated row and 
column decoders 1 32 and 1 24 apply to a selected mem- 
20 ory cell being programmed in the associated array 1 30. 
The structures of write circuits 1 20 and data sources 1 25 
depend on the type of data values being stored the as- 
sociated memory array. In one alternative embodiment, 
memory 100 is an analog memory, and data sources 
25 1 25-1 to 125-N are sample-and-hold circuits that sam- 
ple an input analog signal at rising edges of the associ- 
ated signals SRI to SRN. U.S. patent No. 5,680,341 to 
Wong et ah, which is hereby incorporated by reference 
in it entirety, describes analog memories with multiple 
30 read/write pipelines and describes use of sample-and- 
hold circuits and write circuits for analog memories. 
[0024] In another alternative embodiment, memory 
100 is a binary or multiple-bits-per-cell memory. For bi- 
nary and multiple-bits-per-cell memories, each data 
35 source 125 can include one or more latches, flip-flops, 
or volatile memory cells (e.g., SRAM or DRAM cells) that 
temporarily hold one or more bits of data for writing to 
the selected non-volatile memory cell in the associated 
array 130. When the associated one of signals SR1 to 
^0 SRN starts a write circuit 120, the write circuit 120 gen- 
erates programming signals VROW and VCOL which 
row decoder 1 32 and column decoder 1 34 respectively 
apply to the selected row and column lines to write the 
data value from the associated data source 125 to the 
45 selected memory cell. 

[0025] In one specific embodiment of the invention, 
memory 100 is a binary memory where each memory 
cell has a low threshold voltage when in an erased state 
representing a binary 0. (Clearly, other interpretations 
50 of the threshold voltages of memory cells are possible. 
For example, a low threshold voltage could represent a 
binary 1.) For this embodiment, each data source 125 
includes a latch, and at the start of a pipelined write op- 
eration, data sources 125 collectively and in parallel 
55 latch a multi-bit input data value, one bit per data source 
1 25. Timing circuit 1 40 then begins sequentially starting 
write circuits 120-1 to 120-N on programming opera- 
tions. Each write circuit 1 20 receives a data bit from the 
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associated data source. If the data bit is a binary one, 
the write circuit 120 generates row signal VROW and 
column signal VCOL at high voltages Vcp and Vw. (Typ- 
ically, voltage Vcp is about 1 2 to 13 volts and voltage 
Vw is about 5 to 6 volts.) In accordance with an aspect 
ot the invention, a single charge pump 150 generates 
voltage Vw for all of the write circuits 120-1 to 120-N. 
The combination of a grounded source line, voltage Vcp 
being applied to the selected row line, and Vw being ap- 
plied to the selected column line induces channel hot 
electron injection in the selected memory cell which in- 
creases the threshold voltage of the selected memory 
cell. Write circuit 1 20 continues programming the select- 
ed memory cell for a fixed time that is sufficient to raise 
the threshold voltage of the selected memory above a 
cut-off level so that the threshold voltage of the selected 
memory cell after programming represents a binary one. 
If the data bit from a data source 1 25 is binary zero, the 
associated write circuit grounds signal VCOL so that the 
selected memory cell remains in the threshold voltage 
state representing a binary zero. 

[0026] The pipelined write operation for the binary 
memory embodiment is complete when the last write 
pipeline 110-N finishes its programming operation. 
However, another pipelined operation can begin before 
a previous pipelined write operation is complete if latch- 
ing a new input value into data sources 125 will not in- 
terfere with the previously started pipelined operation 
and if starting a programming operation in pipeline 110-1 
will not interfere with a programming operation previous- 
ly started in pipeline 110-1. Accordingly, memory 100 
can achieve the same write frequency or data rate as a 
memory using N simultaneously-started, parallel pro- 
gramming operations. 

[0027] A recording operation is equivalent to a series 
of pipelined write operations where one pipelined write 
operation starts immediately after the other. Fig. 2 
shows a timing diagram lor a recording operation in 
memory 100. To start recording operation, a signal EN- 
ABLE is asserted to an OR gate 1 42 in timing circuit 1 40. 
OR gate 1 42 has an output terminal coupled to the data 
input terminal of flip-flop 144-1. At time 210, the rising 
edge of a clock signal SAMPLECLK causes flip-flop 
144-1 to register the high output signal from OR gate 
142 and assert signal SRI high. In some embodiments, 
the rising edge of signal SRI activates data source 
125-1. For example, in an analog memory, a sample- 
and-hold circuit in data source 125-1 can sample an an- 
alog input signal in response to the pulse 215 in signal 
SR1. In a binary or multiple-bits-per-cell memory, data 
source 125-1 responds to pulse 215 by registering one 
or more bits of information for writing to memory array 
130-1. 

[0028] At a time 220, signal SAMPLECLK triggers flip- 
flops 144-1 to 144-N. Flip-flop 144-1 deasserts signal 
SR1 , and flip-flop 144-2 asserts signal SR2. The falling 
edge of signal SR1 starts write circuit 120-1 on a pro- 
gramming operation that writes the data value from data 



source 1 25-1 to the selected memory cell in memory ar- 
ray 130-1. The rising edge of signal SR2 activates data 
source 1 20-2 which makes the next data value available 
to write circuit 1 20-2. With each consecutive rising edge 

5 of signal SAMPLECLK : another write circuit 1 20 and an- 
other data source 125 are activated. For the recording 
operation, signal RECORD is asserted so that an AND 
gate 1 46 passes signal SRN via OR gate 1 42 to the data 
input of flip-flop 125. Accordingly, timing circuit 140 as- 

io serts signal SRI the sample clock cycle after asserting 
signal SRN. The frequency ol clock signal SAMPLECLK 
depends on the required write time and is such that a 
programming operation started in any of the pipelines 
1 1 0 completes in less than N clock cycles of signal SAM- 

>s PLECLK. The recording operation continues cyclically 
starting programming operations in this fashion until a 
signal RESET is asserted or signal RECORD is deas- 
serted and a last programming operation begins in pipe- 
line 110-N. 

20 [0029] An advantage ol the recording operation and 
the pipelined write operation over a parallel write oper- 
ation having the same data rate is a reduction in the 
maximum current that write circuits 120 draw from 
shared charge pump 150. 

25 [0030] Fig. 3 illustrates this advantage by showing a > . 
simulation of the current drawn from charge pump 150 
for a pipelined write operation when memory 100 in- 
cludes eight pipelines 110. A characteristic of channel 
hot electron injection in standard programming opera- 

30 tions is that the drain-to-source current through the 
memory cell almost instantly rises to its maximum level 
and then decreases with time as the floating gate charg- 
es and the threshold voltage of the memory cell rises. 
For example, Fig 3 shows a current -vers us -time plot 31 1 

35 for the programming operation in pipeline 110-1. For plot 
311, the peak current of about 475 uA occurs almost _ 
immediately after the start of the programming opera- 
tion. The current drops sharply during programming until 
little after 10 u,s when the programming operation in 

40 pipeline 110-1 is complete and write circuit 120-1 shuts 
off the current. Current-versus-time plots 312 to 318 are 
for the independent programming operations in pipe- 
lines 110-2 to 110-N (where N is 8) but follow the same 
pattern as plot 311. Plots 311 to 318 are offset in time 

45 relative to each other because timing circuit 140 stag- 
gers the starts of the programming operations. 
[0031] Fig. 3 presumes that programming operations 
are required in each of eight write pipelines and that the 
programming time is the same for each programming 

50 operation. This presumption provides the highest peak 
total current and is correct, for example, in a binary 
memory writing eight bits of value 1 or in analog or mul- 
tiple-bit-per-cell memories where the row line voltage is 
selected so that the programming time is constant (e.g., 

55 independent of the data value being written.) 

[0032] Plot 320 is the sum of plots 311 to 318 and in- 
dicates the total current drawn from charge pump 150. 
As shown by plot 320, a maximum total current is about 
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1.2 mA. In contrast, if programming operations where 
started simultaneously in pipelines 110-1 to 110-N, the 
plot of the total current would be shaped like plot 311 
but be eight times greater in magnitude. Accordingly, for 
simultaneously started programming operations, the 
maximum total current would be about 3.8 mA or more 
than three times the maximum total current required for 
the pipelined write operation. Further, the write meth- 
ods, parallel and pipelined, have the same effective 
write frequency or data rate because a pipelined write 
operation permits starting another pipelined write oper- 
ation immediately after the programming operation in 
the first pipeline 110-1 is complete even if the program- 
ming operation in the last pipeline 110-N has not com- 
pleted. Accordingly, charge pump 150 can be small to 
save circuit area and cost and still provide current nec- 
essary for a high data rate. 

[0033] Another advantage the pipelined write opera- 
tion with a shared charge pump is that total current 
drawn has less severe spikes. In particular, each local 
maxima 321 to 328 in plot 320 is a spike that is less than 
one eighth as sharp as the spike which would occur for 
a parallel write operation. Accordingly, noise generated 
in the memory caused by changing current and voltage 
drops are reduced in severity. This advantage is better 
illustrated in Fig. 4 which shows a total current-versus- 
time plot 420 for the total current drawn from pipelined 
write operation that writes to sixty-four memory cells. In 
Fig. 4, the current draw from charge pump 1 50 remains 
in a range between about 7.0 and 7.5 mA, rather than 
being sharply peaked at the start of each write opera- 
tion. It should be further noted that the maximum total 
current of about 7.5 mA is only about 13 times greater 
than the maximum current (about 0.5 mA) for each in- 
dividual programming operation, and that parallel pro- 
gramming of sixty-four memory cells would require 
about five times more current than the pipelined write 
operation. 

[0034] Fig. 5 is a block diagram of a non-volatile an- 
alog memory 500 in accordance with an embodiment of 
the invention. Memory 500 includes multiple arrays 
130-1 to 130-N of non-volatile memory cells in respec- 
tive read/write pipelines 510-1 to 510-N. Arrays 130-1 
to 130-N are non-volatile memory arrays as described 
above in regard to Fig. 1 , and each memory array 130 
has a row decoder 132 and a column decoder 134 as 
described above. Additionally, each array 1 30 has a 
sense amplifier circuit 536, which may contain multiple 
sense amplifiers. Column decoders 134 also connect 
associated sense amplifier circuits 536 to the associat- 
ed memory arrays 1 30 for read operations and for verify 
operations when writing to an array 130. Sense amplifier 
circuits and row, column, and erase decoders are well 
known. As described more fully below, output signals 
from sense amplifier circuits 536 clock or trigger sample- 
and-hold circuits or other temporary storage circuits and 
may include circuitry such as a one-shot circuit in addi- 
tion to conventional sense amplifier circuitry. U.S. patent 



serial No. 5,687,115, which is hereby incorporated by 
reference in its entirety, illustrates examples of such cir- 
cuits. 

[0035] Memory arrays 1 30 are separate in that write 

5 and read operations in one array 1 30 do not affect write 
and read operations in other arrays 1 30. However, a glo- 
bal sector erase decoder 572 conveys the appropriate 
bias voltages to source lines for all sectors in arrays 1 30. 
For an erase operation, an erase control circuit 570 gen- 

10 erates an erase signal Verase (typically about 1 2 V dur- 
ing an erase) and causes decoder 572 to select one or 
more sectors in arrays 130. In particular, decoder 572 
receives erase signal Verase and one or more address 
signals identifying one or more sectors selected for 

is erasure. Decoder 572 then applies erase signal Verase 
to the source lines of the selected sectors and grounds 
the source lines associated with the unselected sectors. 
Row decoders 1 32 ground ail of the row lines in the ar- 
rays containing one or more of the selected sectors, and 

20 column decoders 1 34 allow all column lines associated 
with the sectors being erased to float. Erase control cir- 
cuit 570 uses a voltage generator 586, typically a charge 
pump with regulator circuits, for generating a high volt- 
age Vcp for erase signal Verase. As described below, 

25 erase control circuit 570 shares charge pump 586 with 
a row write voltage generator 550. 
[0036] A recording operation or a pipelined write op- 
eration sequentially writes a series of values in a number 
of memory cells. In memory 500, the values written are 

30 samples of an analog input signal Ain representing ei- 
ther analog data values or multi-bit digital data values. 
A playback operation reads and outputs the series of 
values (or samples from memory 500) to reproduce the 
recorded sequence (or signal). In one embodiment of 

35 the invention, memory 500 uses pipelines 510-1 to 
51 0-N in a staggered fashion during playback to provide 
a high read data transfer rate. An alternative playback 
operation performs parallel read operations in pipelines 
51 0 and serially sh ifts out the values read from the mem- 

40 ory cells, if necessary to reproduce the timing of an input 
signal Ain. 

[0037] In memory 500, row write voltage generator 
550 generates two write signals Vpp and Vvfy from input 
signal Aim. Write signal Vpp provides a programming 

45 voltage that write circuitry applies to the control gate of 
a memory cell during programming to change the 
threshold voltage of the memory cell. The voltage of 
write signal Vpp has a one-to-one correspondence with 
the present level of input signal Ain. Typically, write volt- 

50 age generator 550 selects a higher voftage level for sig- 
nal Vpp when a higher threshold voltages is being writ- 
ten. Appropriate selection of voltage for signal Vpp 
makes programming time for writing a target threshold 
voltage nearly independent of the target threshold volt- 

55 age. Thus, the write resolution is uniform across the 
range of threshold voltages. Write signal Vvfy which has 
a voltage corresponding to the target threshold voltage 
to be written to the memory cell, is used to accurately 
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determine when the target threshold voltage is reached 
whereupon the programming operation stops. An iter- 
ative program-and-verify write process such as de- 
scribed in more detail below minimizes effects of mem- 
ory cell variation. Alternatively a timed programming op- s 
eration stops after a specific time and does not require 
write signal Vvfy or the circuitry associated with gener- 
ating or holding signal Vvfy. In this case, one sample- 
and-hold circuit per pipeline is sufficient. 
[0038] In the exemplary embodiment memory 500, io 
generator 550 includes voltage shifters that linearly map 
input signal Ain, which is, for example, in a range from 
3 to 6 volts, to signal Vpp in a range from 9 to 12 volts 
and to signal Vvfy in a range from 3 to 6 volts. Voltage 
generators for write circuits in analog or multiple-bits- is 
per-cell memories are further described in U.S. patent 
Ser. No. 5,687,115. Charge pump 586 supplies voltage 
Vcp to voltage generator 550 for generation of signal 
Vpp. A charge pump 584 can supply a voltage Vsh, 
which is greater than the highest threshold voltage, to 20 
voltage generator 550 for generation of signal Vfy. 
[0039] Column write voltage generator 555 provides 
a constant voltage signal Vw for driving the drain-to- 
source current through a memory cell during a program- 
ming operation and a constant voltage signal Vr for read 25 
and verify operations described below. Typically, signal 
Vw has a voltage between 5 and 6 volts, and a charge 
pump and voltage regulator circuit 582 generates signal 
Vw from a supply voltage Vcc between 3 and 5 volts. 
Signal Vr typically has a voltage of about 1 to 1.5 volts 30 
and can be generated from supply voltage Vcc using a 
voltage divider. 

[0040] The write circuitry in each pipeline 510 in- 
cludes row decoder 1 32, a row line voltage selection cir- 
cuit 533 : column decoder 1 34 : a column line voltage se- 35 
lection circuit 535, sense amplifier circuit 536, sample- 
and-hold circuits 521 and 522, and multiplexers 523, 
524, and 526. (Sample-and-hold circuits 521 and 522 
and multiplexers 523, 524, and 526 are involved in both 
read and write operations.) Multiplexers 523 and 524 40 
are coupled to sample-and-hold circuits 521 and 522 
and respectively select trigger signals and input signals 
for sample-and-hold circuits 521 and 522. For a write 
operation, multiplexer 523 selects the output signal of 
the associated flip-flop 1 44 to trigger both sample-and- 45 
hold circuits 521 and 522, and input selection circuit 524 
selects and applies signals Vpp and Vvfy to respective 
input terminals of sample-and-hoid circuits 521 and 522. 
When the output signal from the associate flip-flop 144 
transitions, sample-and-hold circuits 521 and 522 sam- so 
pie and store the current voltages of respective write sig- 
nals Vpp and Vvfy. 

[0041] Row voltage selection circuit 533 selects the 
bias voltage that row decoder 1 32 applies to the select- 
ed row line. During a write, row voltage selection circuit ss 
533 selects the voltage from selection circuit 526, and 
selection circuit 526 alternates between selecting sam- 
pled signals Vpp and Vvfy from sample-and-hold circuits 



521 and 522 respectively. Row decoder 132 applies the 
signal VROW from selection circuit 533 to the selected 
row line and grounds unselected row lines. Column volt- 
age selection circuit 535 selects the bias voltage that 
column decoder 1 34 applies to the selected column line. 
Column decoder 1 34 allows the voltage on the unselect- 
ed column lines to float. During a write, voltage selection 
circuit 535 alternates between selecting signal Vw and 
signal Vr. More specifically, column voltage selection cir- 
cuit 535 selects signal Vw for application to the selected 
column line of the associated array 130 when row volt- 
age selection circuits 526 and 533 select the sample of 
signal Vpp for application to the selected row of the as- 
sociated array. Column voltage selection circuit 535 se- 
lects signal Vr for application to the selected column line 
of the associated array 1 30 when row voltage selection 
circuits 526 and 533 select the sample of signal Vvfy for 
application to the selected row of the associated array. 
[0042] Memory 500 uses three internal elevated volt- 
ages Vcp, Vsh and Vw which charge pump and voltage 
regulation circuits 582, 584, and 586 respectively gen- 
erate from the supply voltage Vcc. Voltage Vcp is nor- 
mally a 12-13 volt supply which supports all of the on- 
chip high-voltage needs, including the generation of the 
erase voltage Verase and the variable control-gate volt- 1 
age Vpp. Voltage Vcp is also supplied to sample-and- 
hold circuits 521 for sampling of signal Vpp for a pro- 
gramming operation. Voltage Vsh is a voltage greater 
than the highest threshold voltage used in a memory cell , 
and is normally a 7-8 volt supply. Voltage ramp circuit 
560 uses voltage Vsh when n generating a control-gate 
voltage signal Vsr for a read operation. Sample-and- 
hold circuits 521 and 522 use voltage as a supply volt- 
age when sampling signal Vsr during a read, and write 
voltage generator 550 uses voltage Vsh in generating 
the variable control-gate signal Vvfy for a verify opera- - 
tion. Voltage Vw is normally a 5-6v supply used for sup- 
plying the programming current of the memory cell. Cur- 
rent sourcing requ irements for voltages Vcp and Vsh are 
relatively low since voltages Vcp and Vsh predominantly 
charge capacitance. Accordingly, charge-pumps 586 
and 584 typically require a relatively small area of silicon 
in an integrated circuit. However, current sourcing re- 
quirement of voltage Vware potentially large. Generally, 
the current that charge pump 582 must supply depends 
on the programming current characteristics of the non- 
volatile memory cell in arrays 1 30 and the total number 
of memory cells which need to be programmed at the 
same time, which in turn is determined by the write data 
bandwidth requirement. 

[0043] Fig. 6 shows timing diagrams for an exemplary 
recording process in memory 500. Initially, a signal RE- 
SET resets flip-flops 144, and memory arrays 130 are 
prepared for write operations. For most non-volatile 
memories such as EEPROM, EPROM, or Flash mem- 
ory preparation for a write operation includes erasing 
storage locations to which information will be written. To 
start recording, signal RESET is deasserted, and a 
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pulse 605 in an input signal ENABLE to OR gate 142 is 
asserted high for about one clock cycle of a clock signal 
SAMPLECLK. OR gate 142 provides enable pulse 605 
as the input signal to flip-flop 144-1, and output signal 
SR1 from flip-flop 144-1 goes high at a rising edge 610 
of signal SAMPLECLK. Signal SRI triggers sample-and- 
hold circuits 521 and 522 in pipeline 510-1. In response 
to the next rising edge 620 of sampling clock SAMPLE- 
CLK, flip-flop 144-1 deasserts signal SR1, and flip-flop 
144-2 asserts signal SR2. A pulse thus propagates 
through flip-flops 144-1 to 144-N, and signals SR1 to 
SRN sequentially trigger sample-and-hold circuits 521 
and 522 in pipelines 510-1 to510-N. Each pipeline 510 
thus begins sampling write signals Vpp and Vvfy at dif- 
ferent times. The last flip-flop 144-N is coupled to an 
input terminal of OR gate 142 so that signal SR1 is as- 
serted again after signal SRN. The recording process 
continues starting write operations by cyclically trigger- 
ing sample-and-hold circuits 521 and 522 until signal 
RESET stops the pulse from propagating around the 
ring of flip-flops 1 44. 

[0044] During a write, sample-and-hold circuits 521 
and 522 in pipelines 51 0-1 to 51 0-N sample write signals 
Vpp and Vvfy in response to the corresponding signals 
SR1 to SRN. When signal SR1 is asserted at time 610, 
sample-and-hold circuits 521 and 522 in pipeline 510-1 
sample write signals Vpp and Vvfy, and pipeline 510-1 
begins writing in a memory cell of array 130-1 a value 
that signal Ain represented during interval 615. When 
signal SR2 is asserted at time 620, sample-and-hold cir- 
cuits 521 and 522 in pipeline 510-2 sample write signals 
Vpp and Vvfy and pipeline 510-2 begins writing in a 
memory cell of array 130-2, a value signal Ain repre- 
sented during interval 525. Each row voltage select cir- 
cuits 538 uses the sampled values of the write signals 
Vpp and Vvfy from multiplexer 526 for a write process 
that sets the threshold voltage of a selected memory cell 
to a target threshold voltage. The target threshold volt- 
age is the level that represents the voltage of input signal 
Ain when write signals Vpp and Vvfy were sampled. 
[0045] The write process for memory 500 includes 
generating a series of programming cycles that are in- 
terleaved with verify cycles. Fig. 6 shows the example 
of write processes that start with a programming cycle, 
but an alternative write process can begin with a verify 
cycle. During each programming cycle, multiplexer 526 
selects the Vpp sample from sample-and-hold circuit 
521 , and row decoder 132 applies the sampled voltage 
to a row line selected according to an input address sig- 
nal identifying a selected memory cell in array 1 30. Volt- 
age Vpp is typically in the range from 9 to 1 2 volts. Row 
decoder 132 grounds unselected row lines. Selection 
circuit 535 selects voltage Vw during a programming cy- 
cle, and column decoder 1 34 applies voltage Vw to the 
column line connected to the selected memory cell and 
grounds unselected column lines. Decoder 572 grounds 
the source line of the sector containing the selected 
memory cell. The combination of voltages applied to the 



control gate, source, and drain of the selected memory 
cell during a programming cycle causes channel hot 
electron injection into the floating gate of the selected 
memory cell and increases the threshold voltage of the 
5 selected memory cell. 

[0046] During a verify cycle, multiplexer 526 selects 
the Vvfy sample from sample-and-hold circuit 522. Row 
decoder 1 32 applies the sampled level of signal Vvfy to 
the selected row line and grounds the unselected row 
10 lines. Select circuit 1 35 selects read voltage Vr, and col- 
umn decoder 1 34 applies read voltage Vr and connects 
sense amplifier 536 to the selected column line. Column 
decoder 1 34 grounds the unselected column lines. De- 
coder 572 continues to ground the source line coupled 
'5 to the selected memory cell. When the programming cy- 
cles raise the threshold voltage of the selected memory 
cell to the sampled level of signal Vvfy, sense amplifier 
536 senses during a verify cycle that the memory cell 
does not conduct and sends a signal to stop further pro- 
gramming cycles. Programming cycles can be stopped 
for example, by stopping further applications of sampled 
voltage Vpp to the selected row line, stopping applica- 
tion of voltage Vw to the selected column line, or both. 
Thus, the programming cycles raise the threshold volt- 
age to the level of sampled voltage Vvfy and then stop. 
The available write time for a pipeline 5 1 0 is N times the 
period of clock signal SAMPLECLK where N is the 
number of pipelines 510. Accordingly, the number of 
pipelines can be selected according to the required write 
time per pipeline 510 and the desired write frequency 
For example, with a write time Tw of 10 pis, 64 pipelines 
are required to achieve a sampling rate of 6.4 MHz. 
[0047] In the exemplary recording operation illustrat- 
ed in Fig. 6, both programming cycles and verify cycles 
are one clock cycle of signal SAMPLECLK in duration. 
To achieve this, the frequency of signal SAMPLECLK 
and the duration of each programming cycle is selected 
according to the minimum time required for a verify cy- 
cle. Additionally, the starts of programming operations 
are separated by one clock cycle. For example, pipeline 
510-1 starts a first programming cycle at a time 620 in 
response to the pulse 61 5 in signal SR1 from timing cir- 
cuit 140. During the programming cycle, the signal 
VCOL1 applied to the selected column line in array 
130-1 is at voltage Vw, and charge pump 582 supplies 
a current 11 that flows through array 130-1. Current 11 
falls during the programming cycle in the characteristic 
fashion of channel hot electron injection. At time 630, 
selection circuit 535 in pipeline 510-1 switches signal 
VCOL1 to read voltage Vr for a verify cycle, and current 
11 from charge pump 582 through array 1 30-1 stops. Al- 
so at time 630 when pipeline 510-1 starts the verify cy- 
cle, pipeline 510-2 starts a programming cycle. Accord- 
ingly, pipelines 510-1 and 510-2 never perform pro- 
gramming at the same time. More generally, only odd 
numbered pipelines perform programming cycles at the 
same time as pipeline 510-1, and only even numbered 
pipelines perform programming cycles at the same time 



25 



30 



35 



40 



45 



50 



3DOCID: <EP 0971361A1_I_> 



8 



1 



15 



EP 0 971 361 A1 



16 



as pipeline 510-2. This effectively cuts the peak current 
as well as the average current drawn from charge pump 
582 in half because at most one half of the pipelines 51 0 
simultaneous performing programming. Additionally, 
since write operations in pipelines 510 start at different s 
times, most of the programming cycles simultaneously 
being performed draw much less than the peak pro- 
gramming current for the memory cell. Both factors con- 
tribute to significantly reducing the peak total current 
when compared to a parallel programming operations. 10 
[0048] In an alternative embodiment, the duration of 
a programming cycle can be different from the duration 
of a verify cycle. Further, the offset between starts of 
write operations in sequential pipelines can be different 
from the duration of either a programming cycle or a ver- is 
ify cycle. Staggering the starts of write operations still 
reduces the peak current when compared to conven- 
tional parallel write operations. 

[0049] For the recording process of Fig. 6, pipelines 
510 are effectively partitioned into two banks of pipe- 20 
lines where pipelines in one bank perform programming 
cycles when pipelines in the other bank perform verify 
cycles. In other embodiments, pipelines 510 can be par- 
titioned into three or more banks where the pipelines 
that are in the same bank start programming cycles at 2s 
the same time, but pipelines in different banks start pro- 
gramming cycles at different times. For example, if a 
verify cycle is twice the duration of a programming cycle, 
pipelines 510 can be partitioned into three banks where 
pipelines in the second bank start programming cycles 30 
when programming cycles of pipelines in the first bank 2. 
end, pipelines in the third bank start programming cycles 
when programming cycles of pipelines in the second 
bank end, and pipelines in the first bank start program- 3. 
ming cycles when programming cycles of pipelines in 3S 
the third bank end. Accordingly, only one bank at a time 
performs programming cycles. This cuts the current 4. 
from a shared charge pump by two thirds when com- 
pared to starting programming operations simultane- 
ously in all of the write pipelines. A similar technique 40 5. 
when the programming cycles are twice as long as the 
verify cycles has two banks at a time performing pro- 
gramming cycles and reduces current by one third. Oth- 
er partitions of pipelines 510 into banks and staggering 
of the starts of programming cycles for the banks can *s 
be selected according to the ratio of the duration of a 
programming cycle to the duration of a verify cycle. Ad- 6. 
ditionally. as described above, pipelines within a bank 
can start programming operations at different times so 
that at most one pipeline at a time is performing the first so 
programming cycle of a write operation. 
[0050] Although the invention has been described 
with reference to particular embodiments, the descrip- 
tion is only an example of the invention's application and 7. 
should not be taken as a limitation. In particular, even ss 
though much of preceding discussion was aimed at 
staggering programming operations that program single 
memory cell in an array, alternative embodiments of this 



invention include staggering programming operations 
where each programming operation programs multiple 
memory cells in the array. Various other adaptations and 
combinations of features of the embodiments disclosed 
are within the scope of the invention as defined by the 
following claims. 



Claims 

1. A non-volatile semiconductor memory comprising: 

a plurality of write pipelines, each write pipeline 
compnsing: 

an array of non-volatile memory cells; and 
a write circuit coupled to the array, wherein 
when started on a programming operation 
for a selected memory cell in the array, the 
write circuit applies a first voltage to the se- 
lected memory cell to drive a current 
through the selected memory cell; 

a timing circuit coupled to sequentially start pro- 
gramming operations by the write circuits: and 
a charge pump that generates the first voltage 
from a supply voltage and is coupled to the write 
circuits to supply the first voltage for the pro- 
gramming operations. 

The memory of claim 1, wherein the memory is a 
binary memory. 

The memory of claim 1 , wherein the memory is a 
multiple-bits-per-cell memory. 

The memory of claim 1 , wherein the memory is an 
analog memory. 

The memory of any preceding claim, wherein in 
each write pipeline, the write circuit applies the first 
voltage to a floating gate transistor in the selected 
memory cell to change a threshold voltage of the 
floating gate transistor during the programming op- 
eration. 

' The memory of claim 5, wherein in each write pipe- 
line, the write circuit applies the first voltage to the 
floating gate transistor in the selected memory cell 
to induce channel hot electron injection in the se- 
lected memory cell during the programming opera- 
tion. 

The memory of claim 5, wherein in each write pipe- 
line, the write circuit applies a second voltage to the 
floating gate transistor in the selected memory cell 
to determine whether the threshold voltage has 
reached a target threshold voltage. 
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8. The memory of claim 7, wherein each write circuit 
comprises: 

a column decoder coupled to column lines in 
the array, wherein during a programming oper- 
ation, the column decoder selects a column line 
that is coupled to the selected memory cell; 
a selection circuit coupled to the column decod- 
er, wherein the selection circuit selects a volt- 
age that the column decoder applies to the se- 
lected column line, the selection circuit alternat- 
ing between selecting the first voltage and se- 
lecting the second voltage; and 
a sense amplifier circuit coupled to the column 
decoder, wherein the column decoder connects 
the sense amplifier circuit to the selected col- 
umn line when the selection circuit selects the 
second voltage and disconnects the sense am- 
plifier from the selected column line when the 
selection circuit selects the first voltage. 

9. The memory of claim 8, wherein the write pipelines 
comprise: 

a plurality of odd numbered pipelines; and 
a plurality of even numbered pipelines, wherein 
when an odd numbered pipeline and an even 
numbered pipeline are both performing pro- 
gramming operations, the selection circuit in 
the odd numbered pipeline selects the first volt- 
age when the selection circuit in the even num- 
bered pipeline selects the second voltage and 
the selection circuit in the odd numbered pipe- 
line selects the second voltage when the selec- 
tion circuit in the even numbered pipeline se- 
lects the first voltage. 

10. The memory of any preceding claim, further com- 
prising a voltage regulator that controls an output 
signal from the charge pump to maintain the output 
signal at the first voltage. 

11. A non-volatile semiconductor memory comprising: 

a plurality of banks of write pipelines, each write 
pipeline comprising: 

an array of non-volatile memory cells; and 
a write circuit coupled to the array, wherein: 

during a programming cycle for a se- 
lected memory cell in the array, the 
write circuit applies a first voltage to 
drive a current through the selected 
memory cell and change the threshold 
voltage of the selected memory cell; 
and 

during a verify cycle for the selected 



memory cell, the write circuit deter- 
mines whether a threshold voltage of 
the selected memory cell has reached 
a target level representing a value be- 
5 ing written into the selected memory 

cell; 

a charge pump that generates the first voltage 
from a supply voltage and is coupled to the write 
10 circuits to supply the first voltage for the pro- 

gramming cycles; and 

a timing circuit coupled to start programming 
cycles in the pipelines, wherein the timing cir- 
cuit starts programming cycles for each bank at 
15 times that are different from when programming 

cycles start in the other banks. 

12. The memory of claim 11, wherein the plurality of 
banks comprises a first bank and a second bank, 

20 and the time circuit starts programming cycles in the 
first bank when verify cycles start in the second 
bank. 

13. The memory of claim 11 or 12, wherein 

25 

in each pipeline, writing the value to the select- 
ed cell required a programming operation that 
includes a plurality of programming cycles and 
verify cycles; and 
30 the timing circuit sequentially starts program- 

ming operations by the pipelines in the banks. 

14. The memory of claim 11, 12 or 13 wherein each 
write circuit comprises: 

35 

a column decoder coupled to column lines in 
the array, wherein during the programming cy- 
cles and the verify cycles, the column decoder 
selects a selected column line that is coupled 

40 to the selected memory cell; 

a selection circuit coupled to the column decod- 
er, wherein the selection circuit selects a volt- 
age that the column decoder applies to the se- 
lected column line, the selection circuit selects 

45 the first voltage for programming cycles and se- 

lects a second voltage for the verify cycles; and 
a sense amplifier circuit coupled to the column 
decoder, wherein the column decoder connects 
the sense amplifier circuit to the selected col- 

50 umn line when the selection circuit selects the 

second voltage and disconnects the sense am- 
plifier from the selected column line when the 
selection circuit selects the first voltage. 

55 15. A method for writing to a non-volatile memory, the 
method comprising: 

starting a first programming operation to pro- 
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gram a first selected memory cell in a first mem- 
ory array, wherein the first programming oper- 
ation includes connecting a charge pump to 
drive a current through the first selected mem- 
ory cell and change a threshold voltage in the s 
first memory cell; and 

stating a second programming operation to 
program a second selected memory cell in a 
second memory array, wherein the second pro- 
gramming operation includes connecting the to 
charge pump to drive a current through the sec- 
ond selected memory cell and change a thresh- 
old voltage in the second memory cell, wherein 
starting the second programming operation oc- 
cu-s aftor starting first programming operation ts 
do' boicxo the first programming operation is 
compoto 



it Tr^o mciroa ot claim 15, wherein: 

20 

w»c t«s^ programming operation comprises 
*oop«ng tho charge pump coupled to drive the 
cu-fcot through the first selected memory cell 
to* «i tiMod tme; and 

tf>c second programming operation comprises 25 
looping tho charge pump coupled to drive the 
cu'ront through the second selected memory 
co i fc* tho fixed time. 



17 T**> mofhod of claim 16. wherein the fixed time is 30 
suftcK)ntry long that the programming operation 
ervmges h threshold voltage of a memory cell from 
h love! representing a first binary level to a level rep- 
resonmq a second binary value 

35 

18. Tho mothod of claim 15, wherein: 

tho first programming operation comprises: 

Keeping the charge pump coupled to drive the 
cu'ront through the first selected memory cell *o 
dumg a first set of intervals; and 
doiormining during each of a second set of in- 
tervals whether the threshold voltage in the first 
socctod memory cell has reached a first target 
level oach interval in the second set being sep- 
aratod from other intervals in the second set by 
ono of tho intervals in the first set; and the sec- 
unj piogramming operation comprises: 
keeping the charge pump coupled to drive the 
curront through the second selected memory 50 
coil during an interval in the second set; and 
during an interval in the first set, determining 
whothor the threshold voltage in the second se- 
loctod memory cell has reached a second tar- 
got lovel 55 
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